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Abstract

Numerical Simulations of Blood Flow in Coronary Arteries Investigating Sensitivity of
Numerical Results to Different Boundary Pressures at Outflow

By Kexin Qu

Atherosclerosis develops when cholesterol containing deposits (plaque) build up, and
growth of such plaques can slowly narrow and harden the arteries throughout the body. Serious
problems occur because narrowing of coronary arteries causes heart to receive less blood and
leads to the heart attack. Coronary heart disease has been the leading cause of death in the
developed world and nearly the leading cause in the developing world. As it has been found that
atherosclerosis is strongly associated with local hemodynamic of blood flow, mathematical
modeling is applied to build the relationship between pressures the velocities. As a result,
predictions of atherosclerosis for a specific patient can be made based on the solutions to those
mathematical equations. Blood in this study is considered being incompressible unsteady
Newtonian fluid, and Navier Stokes equations are applied for modeling. Computational dynamic
modeling (CFD) is applied to solve those problems numerically. However, to obtain reliable
clinical results, the required accurate patient specific boundary conditions are hard to measure
due to technical difficulties, especially the pressures on the outflow boundary. This study aimed
to investigate how inaccurate pressures at outflow boundaries would affect the numerical results.
In this study, five cases with different outflow pressures (baseline pressure was from patient
specific measurements; two cases were with pressures increased by 10% and 20% from the
baseline; the other two cases were with pressures decreased by 10% and 20% from the baseline)
and the same inflow velocities were simulated within a complete cardiac cycle 0. 833s. The
coronary artery geometry, velocities and baseline pressures were acquired from a specific
patient.

The results showed obvious pressure increases as the boundary pressures increased,
whereas velocity distribution remained identical visually (clinically). Atherosclerosis risk
indices, wall shear stress (WSS) and oscillatory shear index (OSI) were the clinically the same as
well. At this point of study, it can be concluded that changes on the outflow boundary pressures
clinically have no effect on the resulting velocities, wall shear stress and oscillatory shear index,

and thus the prediction of atherosclerosis.
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1 Introduction

1.1 Coronary Arteries and Atherosclerosis

Coronary arteries supply blood and nutrients to the heart muscle. They are located on the
surface of the heart and consist of two main arteries: the right and left coronary arteries,

and their two branches [I3](Figure 1).
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Figure 1: Anatomy of coronary arteries of the heart [13]

In the normal condition, the arteries can adapt to changes in blood flow and blood
pressure (For example, as people are doing physical exercises, the heart rate will accelerate
and blood pressure will increase). However, under certain circumstances, they may fail to
heal themselves and can’t respond to the imposed forces appropriately and in the worst case,
are unable to deliver blood to the heart .

Atherosclerosis, develops when cholesterol containing deposits (plaque) build up, and

the growth of such plaques can slowly narrow and harden the arteries throughout the body



(Figure 2). When atherosclerosis affects the arteries of the heart, it is called coronary artery
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Figure 2: Tllustration of plaque growth and narrowing of blood vessels [I]

disease (CAD). Narrowing of coronary arteries causes heart to receive less blood and may
lead to the heart attack [I].

According to the world health organization (WHO), coronary heart disease has been the
leading cause of death in the developed world and nearly the leading cause in the developing
world. Although a number of risk factors including hypertension, smoking, lipid disorders
and diabetes have been considered contributing to the disease, atherosclerosis remains a geo-
metrically focal disease [I8]. As atherosclerotic lesions evolve, the coronary arteries undergo
local quantitative and qualitative changes in the wall, and the subsequent stiffening ampli-
fies the local hemodynamic environment of atherosclerosis development [7]. The altered flow
conditions can usually be observed in such regions, including separation and flow reversal,
which are recognized by low or oscillatory shear stress [6] (Figure 3).

As a matter of fact, the disease occurs with much higher frequency at carotid bifurcation,
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Figure 3: A: Cross-sectional schematic diagram of a blood vessel illustrating hemodynamic
shear stress, the frictional force per unit area acting on the inner vessel wall. B: Illustration
of the range of shear stress magnitudes encountered in veins, arteries, and in low-shear and

high-shear pathologic states [17].



the coronary arteries, the abdominal aorta, and the vessels supplying the lower extremities
[16]. The propensity that plaque forms at bifurcations, branching, and curvatures has been
associated with local mechanical factors such as wall shear stress (WSS) and tensile stress
[11]. Therefore, a detailed understanding of local hemodynamic would be beneficial to inves-
tigate the effect of vascular wall modification on flow patters. In this context, mathematical
modeling of those related parameters is introduced to help inspect the local hemodynamic

and then provide predictions in terms of short and long term evolution of the disease.

1.2 Computational Fluid Dynamics

Computational fluid dynamics (CFD) is adopted as a tool in studying local hemodynamic of
blood flow. CFD is a branch of numerical analyses dedicated to quantitative study of fluid
flow problems. Fluids have various features that have made mathematical and numerical
analyses still challenging. The development of systematic methods for computational analysis
of fluids has made such problems solvable by using simplified assumptions. In particular, the
capability of reconstructing real problems in the ”virtual world” of mathematical equations
makes CFD interesting for the investigation of cardiovascular diseases.

CFD has been widely adopted in solving hemodynamic problems in the past few decades
[9]. The application of mathematical models, solved through efficient and accurate numerical
algorithms, has made impressive progress in the interpretation of the circulatory system
functionality in both physiological and pathological situations, as well as in the perspective
of providing patient specific design indications to surgical planning [9]. The main reasons are
the rapid advancement in the power of modern computers, progress in imaging and geometry
extraction techniques as well as improvements in the mathematical modeling of the relevant
physiology and pathology. The reduced time frame is expected to allow quick translations
of the information from CFD into a practical procedure for the doctors to make effective
decisions. Rapid development of CFD application into clinical study is motivated by the
increasing incidence of atherosclerosis due to aging issue; and the consequent high health

care costs calls for more efficient treatment as well.



The advantages of applying CFD practice are in the followings aspects:

1. Numerical Simulation (a.k.a, in silico modeling), are in general less expensive than

investigations in the lab ( in vitro or on animals ( in vivo)

2. Numerical simulations reduce the time needed if using the traditional methods(in vivo

and in vitro)to solve problems.

3. There are possibilities in studying various problems whose experiments might be dif-
ficult to conduct on real patients; or it is impossible to obtain the non-measurable

parameters, such as wall shear press and local wall pressure.

4. Being able to controlling boundary conditions. This may help the surgeons to un-
derstand different surgical situations and then provide the most appropriate surgery
design for a specific patient. Numerical models of vascular flows can also provide a

training platform for new surgeons.

5. Being able to help evaluate and analyze the performance of prosthetic heart vales,

stents, ventricular assist devices, blood filters, etc.

1.3 Ingredients of a CFD analysis

In general, a numerical simulation depends on three key ingredients:

1. A mathematical model. In this study of investigating blood flow, Navier-Stoke equa-
tions are the governing equations describing all the parameters of interest, such as
pressures and velocities. It should be noticed that the application of these equations

required some simplified assumptions, which will be discussed in details later.

2. A three dimensional geometry model of a selected region of a blood vessel. This may
be acquired through medical imaging technique, such as computed tomography (CT)
angiography or magnetic resonance imaging (MRI), and then reconstructed into a 3D

model using some software such as VMTK .



3. Boundary Data, particularly, inflow velocities and outflow pressures. Due to the com-
plexity of vascular system, it is not possible to take the whole system under investi-
gation; rather, we usually examine a certain part of the vessels. This gives rise to the
requirements of inflow and outflow boundary conditions since the region of interest is
isolated from the rest of the arterial system for a numerical simulation. These data

can be retrieved through measurements (but probably effected by noise).

1.4 Objective and Significance

The most common boundary conditions for three-dimensional simulations of blood flow are
prescribed constant pressure or traction and prescribed velocity profiles. Patient-specific
boundary conditions are acquired from direct measurements of this patient and are consid-
ered the gold standard” [22]. Ideally, for accurate disease diagnoses and predictions, one
would like such condition data to be obtained in such way (direct measurements). In many
simulations, however, the flow distribution and pressure field in the modeled domain are
unknown and hard to be prescribed at the outflow boundaries[23], either because it is diffi-
cult to measure pressures on the outflow or due to the reason that these measurements are
not always part of the clinical protocols. Currently in most cases only a part of the needed
data is available. A classical example of the inflow blood rate is shown below. While it is

relatively easy to have the flow rate obtained by

Q) =p [uen (1)
r

where Q(t) is the time-varying flow rate, u is the velocity vector, n is the outward
unit vector normal to u. p is the blood density and I' represents the boundary section.
Mathematical model requires the prescription of u(x,t) in each point of I'. To fill the gap,
many simplifying assumptions have to be adopted. For instance, a velocity profile of g(x, ?)

is prescribed on I' and scaled in such a way that the following equation can be formulated.
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Many assumptions have to be made when imposing these boundary conditions, which
include the blood flow rate, the shape of the inflow velocity profile (such as the one in the
example above), distributions of flow rates in the inflow arteries, and outflow pressures, etc
[19]. However, as the hemodynamic differs when not under healthy condition, and due to the
fact that substantial inter-individual variability do exist in a wide range [12], some simplified
assumptions may affect the quality of the numerical results.

It is worth noting that sometimes even when using patient specific boundary conditions,
for an individual associated with stress, anxiety or physical exertion, and other day - to-
day activities, there may be significant variations on the values of those related physical
quantities (pressures or flow rates) [8]. Therefore patient-specific boundary conditions might
not accurately represent the normal day-to day physiology. And therefore results might
not be appropriate in predicting future behaviors of blood hemodynamic. Another aspect
where potential uncertainties might reside is associated with the noises generated along
when measuring blood velocities and pressures. The errors for quantitative MR angiography
average measurement have been reported to be as high as 7.6% for pulsatile flow [24]. And
there are 6% systematic errors and considerable random errors if measuring blood flow using
ultrasound [10].

On the mathematical level, the lack of data has been largely investigated in the context
of defective boundary conditions with respect to Navier-Stoke equations[21], i.e. of problems
where the boundary conditions are only partially known. On the numerical computation
level, prior studies have investigated how changes in the flow rates over a wide range will
affect the hemodynamic variables (WSS, OSI) in the patient based model, and have shown
accurate measurements of patient specific flow rates in the feeding arteries are vital to accu-
rately reproduce those variables in the patient [22]. However, the effects of changes in outflow
boundary conditions on the simulation results have not been addressed before. It is known

that solutions to the governing equations of blood flow in the large arteries are highly depen-



dent on the outflow boundary conditions imposed to represent the vascular downstream of
the modeled domain. Although hemodynamic factors associated with atherosclerosis, wall
shear stress and oscillatory shear index, are derived from velocity, we are interested to know
if the accuracy in the pressure measurement is vital in numerical simulation to accurately
reproduce the velocities inside the vessel and thus the associated factors.

This study is of more importance in the clinic point of view because the measurements
of outflow boundary pressures are even harder to be acquired than the inflow velocities. If
it can be shown that pressure measurements need not to be accurate, a lot of labor and
expenses could be reduced and the application of CFD into a clinical procedure might be
widely spread. In this study, we focused on the sensitivity of numerical simulations to the
variations of blood pressures at outflow. Specifically, we tried to qualitatively describe how
the these variations would affect the hemodynamic parameters ( WSS, OSI, time average

WSS). The baseline blood pressures were obtained from patient specific measurement .

2 Methods

2.1 Simplified Assumptions

Before introducing the governing mathematical equations, a few assumptions must be stated.

Blood flow rheology

Rheology describes the link between the stress to deformation and the rate of deformation
during blood flow[5]. As blood is a complex suspension in an aqueous polymer solution
called plasma and consists of red cells, white cells, and platelets [5], it’s very complicated to
define its rheology. In order to give a appropriate mathematical description in terms of the
relationships between some parameter such as stress and strain rate tensors, the fundamental
equations, Navier-Stoke, are formulated. This model requires the identification of blood
behavior as ”Newtonian”. In the specific case of blood, the most prominent rheological

features [14] are:



e Shear thinning behavior
e Nonlinear viscoelastic nature
e Microcirculation effects

Despite all these features above, in fact they are essentially due to the presence of red cells.
Plasma itself can be considered as a Newtonian fluid, and white cells and platelets are only
a small fraction of blood cells; when red cells concentrations is less than 12 % by weight, its
contribution to non-Newton fluid can be negligible as well [15]. So in the framework of large
and medium vessels, it is acceptable that at the first level of approximation blood rheology
can be considered as a Newtonian model. This assumption gives the blood a constant

viscosity and simplifies the model greatly.

Turbulence in blood flow

Fluid is called turbulent whenever it undergoes strongly irregular fluctuations, in which
velocity and pressure both changes in time and space[2I]. The presence of turbulence in
fluid dynamics will involve more numerical computations and sometimes demand special
devices to deal with [21]. Given the experimental data from previous studies, the disturbed
flow is absent in most parts of human vascular system, except in the ascending aorta and in
the pulmonary artery [21]. And moreover, the pulsatile nature of blood circulation doesn’t
allow for a fully evolved turbulent phenomenon[21]. Therefore, there is no need to take

turbulence into consideration.

Fluid Structure Interaction (FSI)

Despite it is evident that arterial walls deform due to the action of blood, in many biomed-
ical engineering studies this is not considered. In fact, (1) numerical solutions of FSI are
highly demanding. (2) Mathematical models and related parameters for the elastic walls are
somehow questionable. Therefore, for the purpose of the present work, we consider the wall

as rigid.
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In summary, the underlying model for the Navier-Stoke equations is the unsteady incom-

pressible Newtonian fluid in large vessels.

2.2 The Governing Mathematical Model

The mathematical model for investigating incompressible Newtonian fluid inside large and

medium size vessels is the famous fundamental Navier-Stoke equations,

p%—ltler(u'V)quvp—?uv'D(U):f (3)
veu=>0 (4)

The spatial domain 2 C R? is defined as the interior area of blood vessels under investigation.
Here p denotes the fluid density, p the fluid pressure, p the viscosity and u the velocity. f
represents the exterior forces exerted on the fluid, such as gravity. The first equation comes
from the conservation of linear momentum, and consists of three scalar differential equations,
representing each component of the velocity. The second equation is the incompressibility
constraint forcing the mass conservation. As the blood is assumed to the Newtonian fluid,
the viscosity p is kept constant at 0.035 poise. f is usually set to 0 in hemodynamic. And

p is a constant of 1.06 g/ml in this model. D(u) represents the velocity deformation tensor

_ vu+yu’

Du) = )

Therefore, u and P are left as unknowns and need to be computed.

In order for the problems to be well posed, equations(1) must be provided with appro-
priate conditions and prescribing the behavior of the solution at the initial time t, and on
the boundary of €. let I' denotes the boundary of €2, and it is composed of three disjoint
parts. First is the vascular wall, I';. The most natural choice will be a non slip condition,
which prescribes the speed of the blood on the walls being the same as of the vessel. So the
Dirichlet condition is assigned:

u(t,z) =0 xzely (6)
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Figure 4: Geometry of the coronary artery, illustrating the computational domain.

The other two are upstream and downstream boundary conditions, corresponding respec-
tively to the one inflow and three outflows of patient vessels (Figure 4).

It should be noticed that these are artificial boundaries, meaning that they are not
physical interfaces but are merely used to separate the areas of interest for computational
purposes. On the upstream (inflow) section, a Dirichlet condition is prescribed and the
velocity from measurement of blood velocity vectors at the proximal sections are assigned.
This selection is based on the simplified geometry model where the parts before upstream
sections are infinitely long cylindrical pipes.

A Neumann condition is prescribed on the downstream (outflow) sections, where the
normal stresses at the outflows are zero. Normal stress is defined as T e n, where n is the

normal vector to the boundary and T is called the Cauchy stress tensor:
T = —pl +2uD(u) (7)

I denotes the identity matrix. The other parameters are the same as defined in equation (3).
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2.3 Quantitative Analyses

Three parameters were computed to indicate the responses to the variations of blood pressure
on the boundary. These parameters are associated with atherosclerotic pathology and could
be applied in clinic for predication.

Wall Shear Stress(wss), 7, is the component of the normal stresses tangential to the
wall, and is defined as the force per unit area that the fluid exerts tangentially on the wall

of vessels.

ou
Tw = ’ua_yy:() (8>

where p is blood viscosity, u is blood velocity, y is the distance to the blood wall. Wall shear
stress is associated with blood velocity, and the change on it will induce the remodeling
of blood endothelia and intimal thickening [I8]. As plaques tend to formulate in the areas
with low and oscillating WSS, it has been proposed as localizing factor of development of
atherosclerosis [1§]. In the susceptible areas, blood flow is slow and rapid direction changes
can be observed; those altered flow patterns would result in a weak net hemodynamic shear
stress. In contrast, vessel regions exposed to steady blood flow and a higher magnitude of
shear stress remain comparatively disease-free [18]. Average time WSS is also computed to
describe the overall behavior of wall shear stress in a complete cardiac cycle. Oscillatory
Shear Index (OSI), being a WSS descriptor, is introduced to provide a numerical parameter
for overall shear stress imposed on the arterial wall in a complete cardiac cycle. It is very
useful in identifying regions on the vessel wall that are subjected to highly oscillating WSS
directions during the cardiac cycle. Low OSI values occur where flow disruption is minimal
and high OSI values usually highlights the sites where the instantaneous WSS changes rapidly

in direction, such as recirculation [16].

2.4 CFD workflow

A brief procedure of CFD applied in this study involves the followings:

1. pre-processing:
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e Obtain the medical image of the desired area of coronary artery through CT.
Retrieve velocities and boundary pressures from the images, through software

Volcano.

e Reconstruct the 3D segments by segmenting and stacking 2D images using soft-

ware VMTK.

e Through Netgen software, reconstruct the 3-D patient model of meshes, with
respect to the surface of the interested area where the flow simulations take place.
The flow domain is discretized into a definite number of 3D elements (tetrahedral);

numerical computation is implemented in each element.

e Prescribe initial and boundary conditions, with data obtained in the first step.

2. Computation: perform simulations by solving appropriate mathematical equations
(Navier-Stoke) through life V. Five simulations were performed, with different outflow
pressures (baseline pressure was obtained from patient specific measurements; two cases
were with outflow pressures increased by 10% and 20% from the baseline; the other
two cases were with outflow pressures decreased by 10% and 20% from the baseline).

Inflow velocities were kept the same across all the cases.

3. Postprocessing: Use postprocessing techniques to obtain interested parameters (WSS,

OSI, time average WSS). Then visualize the results through Paraview.

2.5 Numerical Approximation
2.5.1 Underlying Concepts

Since Navier-Stoke equations in three dimensions are too complex to be solved analytically,
numerical schemes that can be implemented by computer must be introduced for approxi-
mation in both time and space.

The domain of interest was decomposed into a finite number of tetrahedrals through

mesh generator Netgen. The software for solving problems in this study, LifeV, employs
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Galerkin Finite Element Method for space discretization. Time is diescretized into time
steps of 0.0008333s. To see a detailed illustration of the method applied, one can refer to
[20].

2.5.2 Softwares

Several softwares for simulation implementation are briefly introduced in the order by the

time when they were involved.

e Scientific computing software LifeV [2]is used in simulation. LifeV is a finite element
(FE) library for numerical solution of partial differential equations. The library in-
cludes solvers for incompressible fluid dynamics, linear structural problems, transport
in porous media, fluid-structure interaction, etc. It is developed both for the research
on new numerical algorithms as well as for providing an effective tool in solving com-
plex "real-life” engineering problems. The case discussed in this thesis is one example

of its application in cardiovascular field.

e Netgen [3] is a open source 2D triangular or 3D tetrahedral mesh generator. The input
for 2D is described by spline curves, and the input for 3D problems can be defined
by Constructive Solid Geometry (CSG), the standard STL file format, or via Bound-
ary Representations (BRep/IGES/STEP) when compiled with OpenCascade support.
NETGEN provides modules for automated mesh optimization and hierarchical mesh

refinement.

e ParaView [4] is an source multi-platform application based on VTK to visualize data
sets of varying sizes from small to large. It provides powerful graphical interface and
offers several filters to operate on the data from numerical simulation. ParaView can

run on distributed and shared memory parallel as well as single processor systems .
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3 Results

3.1 Physical Properties of Blood

The density of blood in the simulation were set to be p = 1.06 g/cm? and viscosity were =
0.035 poise. The time of a whole cardiac cycle was 0.8333s.

The average velocities and pressures were derived from the medical images through the
software wvolcano. FEvolution of velocities within a complete cardiac cycle is shown in the
plot ( Figure 5). Pressure evolution within a complete cardiac cycle, along with the four

variations is described in Figure 6.

Velocity(m/s)

04 05
Time(S)

Figure 5: Velocities evolution over a complete cardiac cycle

3.2 Numerical Results

The mesh generated by Netgen contained 175625 elements. ( We intended to generate a finer
mesh with more elements using Netgen . However, several attempts have resulted in failures
because it involved much more computations . Due to the fact that the simulation was
implemented in a student computer lab where a number of students would be using every
day, too complex computations might not be feasible. Therefore, 175625 was a comprise
after several failures. Since in this study the objective is mainly to qualitatively describe the

sensitivity, this mesh is still good to use. ) The simulation was implemented in 0.000833s
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re(dyn/em?)

Pressu:

Figure 6: Pressures evolution of five cases over a complete cardiac cycle: the baseline outflow

pressure, pressures increased by 10% and by 20%, pressures decreased by 10% by 20%.

time step, saved in every 10 steps and was launched using four parallel processors.

Pressure

Overall, pressures increase as the outflow boundary pressures increase along the time (Figure
7-11). For illustration, five time points (0.09163s, 0.19992s, 0.25823s, 0.3332s, 0.79135s) are
selected because the velocities corresponding to these moments are either local maximums
or local minimums (see the arrows in Fig.5). Therefore the transition of pressures at these
five points may reflect the basic nature of pressure evolution over a cardiac cycle. At each
time point, the pressure range is narrow; the distributions are similar across all the cases:
the highest values appear at the inflow branch and at the end of the other three branches

(the outlets) comprises of low pressure magnitudes.

Velocity

Through paraview, no apparent different velocities patterns are observed and ranges of mag-
nitudes are clinically the same across all the cases at each time point (Figure 12). The values
on the wall are kept zero, due to the assumption made previously. Though by direct inspec-
tion (i.e, not through paraview ) of the velocity values inside the vessel, some are indeed

different in the ones, tens digits or digits after decimal places , the scale is too small to be
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Figure 7: Evolution of pressure distributions within a compete cardiac cycle, for the case

with 20% less outflow boundary pressures

considered significant in the clinical point of view.

Wall Shear Stress

Through paraview, no apparent different wall shear stress patterns are observed across all
the cases at each time point. The ranges of magnitudes are identical as well. Though some
of the values were indeed different in the ones, tens digits or digits after decimal places (by
direct inspection), the scale is too small to be considered significant in the clinical point of
view.

The transient distribution of the resulting wall shear stress on the blood wall over a
cardiac cycle is shown in Figure 13. These five time points (0.09163s, 0.19992s, 0.25823s,
0.3332s, 0.79135s) are selected for demonstration because the velocities corresponding to
these moments are either local maximums or local minimums (see the arrows in Fig. 5).
Therefore the transition of wall shear stresses at these five points may reflect the basic
nature of evolution over a cardiac cycle. WSS distribution resembles a similar pattern with

each other across all the time points but with different shear stress ranges. WSS magnitudes
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Figure 8: Evolution of pressure distributions within a compete cardiac cycle, for the case

with 10% less outflow boundary pressures

remain low on the main artery (not the three branches) as time propagates. The three
branches carry most of the information and could observe the highest WSS magnitudes, 265,
105, 87.7, 57.1, 211, respectively.

Time-average wall shear stress is also computed in order to reflect the overall behavior of
wall shear stress in a complete cardiac cycle. Across all the cases, no significant difference is
observed on the distribution of time average wall stress (Figure 14). Magnitude ranges are

the same as well (0 to 111).

OSI

No significant difference is observed on the distribution of oscillatory shear index (Figure 15).
The ranges of values are the same as well ( 0 - 0.45). Although the are were not completely
the same by direct inspection, the scales are too tiny to be considered in the clinical point
of view. Most region on the wall have 0 OSI values, whereas on two areas the full range of

OSI could be observed.
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Figure 9: Evolution of pressure distributions within a compete cardiac cycle, with baseline

boundary pressures

4 Discussion

Computational fluid dynamic (CFD) has been widely adopted in investigating blood flow
problems as well as predicting pathologies in cardiovascular system. However, some simplified
assumptions have to be made when building a computational model, which might generate
a risk of affecting the numerical results adversely. The application of boundary conditions
is one of the most important aspects. It has been known that patient-specific boundary
condition is a better choice over non-patient specific data. However, due to limitations in
measuring devices or being lack of time, such accurate data might not be available all the
time. In this study, we are interested to investigate if little deviations from the correct data
would generate any significant problems in the results, as to give wrong predications on the
pathology.

Variations of pressures on the boundaries are reflected in the resulting blood pressures.
However velocities remain the same across all the cases at each time point. As being parame-

ters derived from velocities, wall shear stress (WSS), time average wall shear stress (TAWSS),
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Figure 10: Evolution of pressure distributions within a compete cardiac cycle, for the case

with 10% more outflow boundary pressures

and oscillatory shear index (OSI) are clinically identical as well. These results are in such
consistency that they may indicate the variations (within a 20% scale from the baseline) in
the boundary pressures will not affect the results of velocity and thus the parameters derived
from it (WSS, OSI).

This conclusion is very favorable in clinical point of view. Due to the difficulty in measur-
ing pressures on the downstream section of a blood vessel, if it could be shown that accuracy
in boundary pressures are not important to numerically reproduce the atherosclerosis index,
in the future doctors will not bother taking effort in pressure measurements. However, be-
fore drawing such a definite conclusion, some concerns and limitations need to be pointed
out. As mentioned previously, due to the time constraint and feasibility of computers, the
mesh adopted in this study is a compromise over a finer one, which have resulted in several
failures. Therefore, there is a possibility that the results of velocities and other parameters
deviate from the true values , due to the fact that the coarse mesh could generate errors that
possibly have exceeded the differences between each two cases (say, between the case with

baseline pressure and the case with pressures increased by 20%, etc.). When the geometry
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Figure 11: Evolution of pressure distributions within a compete cardiac cycle, for the case

with 20% more outflow boundary pressures

is discretized into more elements that will be involved in computations, more accurate can
be obtained that are closer to true values. Further studies can focus on this aspect using a
finer mesh to inspect if the same conclusion could be drawn.

Another possibility is associated with how the pressures are varied. The pressures at
three outflows are increased or decreased at the same time with a same amount. We doubt
if numerically same amount of changes would counteract each other and result in the same
results across all the cases. In further studies, different amount of variations on pressures
could be introduced to three outflow sections respectively, and to inspect if the numerical
simulation is sensitive to this kind of variation.

Based on the wall shear stress distributions (Figure 13), though values at each point
change as time propagates, there are two areas where shear stress magnitudes are kept
consistently low. These two areas, one in the bifurcation region (Figure 16) and one on the
main coronary artery close to the bifurcation (Figure 17), are extracted for scrutinization It
could be noticed that magnitudes are mostly below 5 and a clear boundary can be observed

between the dark blue regions and outer green and light blue regions. These two areas
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Figure 12: Evolution of velocity distributions on the vessel wall and the corresponding ranges

within a compete cardiac cycle for all the five cases

correspond exactly to those two areas with high values of oscillatory shear index. This
consistency confirms the association between low WSS and high OSI. Clinically, these are

susceptible area where plaques may develop.

5 Conclusion

Comparison of five simulations for different pressures at outflow boundaries and with same
velocities at inflow boundaries show that the variations of boundary pressures will generate
different blood pressures but have no impact either on the resulting blood velocities and or
the related atherosclerosis risk indices, WSS, TAWSS, and OSI. At this point in the study
it can be concluded that inaccurate blood pressure measurements in clinic will not affect
adversely the predication of atherosclerosis.

There are two potential paths in which the extensions of this research may proceed. First
is to implement the same simulations with a finer mesh. As a fine mesh may generate more
accurate results, it will be interesting to investigate if the same conclusions as in this study

can be drawn. Second is to vary the way of introducing errors to the outflow boundary
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Figure 13: Evolution of wall shear stress distributions on the vessel wall with the correspond-
ing ranges are visually identical across all the cases at each time point within a compete

cardiac cycle

pressures. It will be interesting to investigate how these discrepancies of pressures on the

three outflow sections will affect the resulting WSS, OSI and TAWSS.
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Figure 15: Distributions of OSI magnitudes are visually identical in all the cases where
pressure is decreased by 20% or by 10% , original pressure, pressure is increased by 20% ,

increased by 10%
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